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ABSTRACT 
In  previous studies, models were developed for the initial and main fixation reactions of chromated 
copper arsenate (CCA-C) on red pine wood as a function of time and isothermal wood temperature 
conditions following treatment with 1% CCA-C. In this study, these models are used to predict the 
amount of fixation over sequential short non-isothermal intervals as a way of predicting time to total 
fixation under variable temperature conditions. The rate of fixation of CCA-C treated red pine pole 
sections could generally be accurately predicted, using these models, from thern~ocouple temperature 
readings in the pole surface, even under a highly variable temperature fixation regime. However, 
variations in fixation rate were observed even within a single pole, associated with density differences 
at the butts and tops of the poles. This confirms that fixation time estimates are very sensitive to the 
rnodel parameters and suggests that the model may not accurately predict fixation ratea over a wide 
range of material sources. 
Kc~ywortis: Chromated copper arsenate (CCA-C), fixation. Pirlus reuinosci Ait., model, initial reaction, 
rnain reaction, kinetics, validation. 
INTRODUCTION lows two reaction zones (Pizzi 1982; Dahlgren 
Chromated copper arsenate (CCA) preser- 
vative reacts with wood components following 
a series of complex temperature-dependent re- 
actions (Wilson 197 1 ; Dahlgren and Hartford 
1972a, b, c; Pizzi 1982; Anderson 1989). CCA 
components remain somewhat soluble in 
wood until the fixation reactions are complete. 
Since the fixation of chromium is slower than 
that of arsenic and copper (Cooper et al. 
1993), the presence of hexavalent chromium 
ICrV') is used as an indicator of CCA fixation 
on wood. Chromium reduction in wood fol- 
-1 Member of SWST. 
1975), usually designated "initial" and 
"main" reactions. In red pine (Pinus resinosa 
Ait.), initial reactions are rapid and follow 
high-order kinetics (Kazi and Cooper 2000). 
The slow main reactions follow first-order ki- 
netics and take several hours or even weeks to 
finish, depending on reaction temperatures 
(Kazi et al. 2000; Alexander and Cooper 
1993). A third "conversion" reaction period 
may extend several weeks after chromium re- 
duction is complete (Dahlgren 1974). 
Many treating plants have installed high- 
temperature fixation chambers to accelerate 
and control the fixation rate. Chromium fixa- 
tion is monitored by qualitative or quantitative 
1Voocl irrlil k'rl~rr .S<ip,,<<,, i J ( 2 i .  2002. pp. 318-324 
2007 hy the Sc,c~cly irf Wood Sc~enc~ .  ;md l'cchnr,logy 
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analysis of unreduced chromium (Foster 1988; 
McNamara 1989; Cooper and Ung 1989, 
1993). Mathematical models were developed 
to predict the percentage of fixation during the 
initial (Kazi and Cooper 2000) and main re- 
action (Kazi et al. 2000) as a function of iso- 
thermal temperature conditions and fixation 
time. Adaptation of these models to non-iso- 
thermal conditions should provide a method- 
ology for remote monitoring of the fixation of 
a charge of treated wood based on continuous 
wood temperature measurement following 
treatment. This approach has the following ad- 
vantages over traditional methods of monitor- 
ing fixation: 
Feedback is immediate and continuous and 
the fixation status is known at any time, what- 
ever the temperature and humidity conditions 
the wood is exposed to, eliminating the time 
delay for sampling and analysis of hexavalent 
chromium; 
Temperature probes can be installed while 
stacking material for treatment or fixation, 
making it possible to monitor fixation of in- 
accessible wood such as boards deep in a bun- 
dle or stack; 
In high-temperature fixation chambers, 
there is no need for the operator to enter the 
chamber to conduct tests, reducing operator 
exposure to the kiln conditions and heat loss 
from the chamber; 
The fixation status is computed continu- 
ously, allowing for control of the system such 
as automatic shut-off when fixation is com- 
plete or nearly complete or conversion to dry- 
ing conditions in the chamber. 
The objective of this study was to evaluate 
the ability of fixation models to predict fixa- 
tion rate in red pine pole samples under non- 
isothermal temperature conditions. 
DESCRIPTION OF THE MODEL 
The temperature-dependent kinetic models 
relate unreduced chromium to the time and 
temperature history of the wood following 
pressure treatment. Mathematically, the kinetic 
behavior of fixation reactions can be effec- 
tively described as the rate of change in CrV' 
concentration with time t as: 
dCr 
-- -  k [Cr] 
dt 
where Cr is the CrV1 concentration, k is the 
reaction rate constant, and n is the order of the 
reaction. The integrated form of Eq. ( 1 )  for n 
= 1 is: 
Cr, = Cr,e-kt (2) 
and for n 2 2 is: 
where Cr, is the initial hexavalent chromium 
concentration and Cr, is the concentration in the 
wood at time t. At the start of the fixation pro- 
cess, Cr, is the CrV1 concentration in the treating 
solution (= Cr,,); for evaluations at subsequent 
times, where small time increments are evalu- 
ated to account for changing temperature con- 
ditions, it is the concentration at the beginning 
of the time increments. 
The temperature-dependence of the rate con- 
stant, k, can be expressed by the Arrhenius 
equation as: 
where E is the activation energy, R the uni- 
versal gas constant, T the temperature in 
Kelvin, and k, the pre-exponential factor. 
The percentage of CCA fixation (F,) at any 
time is defined by: 
where Cr,, is the hexavalent chromium con- 
centration in the original treating solution. 
APPLICATION OF THE MODEL 
In parts 1 and 2 of this study (Kazi and 
Cooper 2000; Kazi et al. 2000), the three rel- 
evant equations (Eqs. 3,4,5 for the initial re- 
action and Eqs. 2,4,5 for the main reaction) 
were combined into single models to predict 
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TABLE 1. Parameters describing the initial and mu in j x -  
cztinn reaction zones , f ir  red pine treated with 1 .O% CCA- 
C (Knzi and Cooper 2000; Kaii et al. 2000). 
Apparcnt V Fixallon 
Kcactlon reaction E ~n each 
~ o n c  order k,, (kJImul) EIR rune 
Initial 10 8 . 7 ~  10-Iy 37.8 4545 47 
lone (h-1~mol-y~19) 
Second or 1 2.7~10'"7.6 10536 53 
niain zone (h-' ) 
% fixation in the two reaction zones as a func- 
tion of elapsed time and temperature of the 
wood. For non-isothermal fixation conditions, 
it is easier to solve the equations sequentially, 
for example using a spread sheet. The steps to 
be taken to apply the model to wood under- 
going accelerated fixation are as follows: 
1.  Determine the necessary parameters, in- 
cluding length of the initial fixation peri- 
od, apparent reaction order, and Arrhenius 
constants for the two reaction zones for 
the treating conditions by experiment. For 
1% CCA-C treatment of red pine sap- 
wood, the relevant factors are shown in 
Table 1 (Kazi and Cooper 2000; Kazi et 
al. 2000). 
2. Establish the initial CrV1 concentration, C,, 
in the treating solution (by analysis or 
from the known solution formulation); 
this was determined to be 2450 ppm for 
the 1 % CCA-C solution used. 
3. Monitor the wood temperature at the 
depth of interest at predetermined mea- 
suring intervals (At = t, - t,) with a ther- 
mocouple or other temperature probe and 
record the wood temperature at the start 
and end of the time interval (TI and T, in 
K). 
4. Calculate the estimated CrV1 concentra- 
tions at different times t during the initial 
reaction period using the model Eq. (6), 
which combines Eqs. (3) and (4) and ap- 
plies the appropriate values from Table 1. 
This equation estimates the CrV1 concen- 
tration in the wood at the end of the time 
interval At (hours) using the average rate 
constant value over the corresponding 
temperature change on the interval (Ayres 
1964): 
5. Calculate the estimated CrV1 concentrations 
at different times t during the main reaction 
period using the model Eq. (7), which 
combines Eqs. (2) and (4) and applies the 
appropriate values from Table 1 : 
Cr, = Criexp -2.7 I 
(7) 
Note that Cr, in Eqs. (6) and (7) is the CrV1 
concentration in the wood at the begin- 
ning of the time increment At, i.e., the 
concentration estimated for the end of the 
previous time increment. 
6. Apply the Cr, value to Eq. ( 5 )  to estimate 
the cumulative % fixation at that time. 
MATERIALS AND METHODS-MODEL VALIDATION 
To evaluate the appropriateness of the fix- 
ation models, O.5m-long red pine pole sections 
were evaluated. Four samples were cut from 
pole tops and four from pole butts from eight 
different poles. The pole sections were treated 
one at a time with 1.0% CCA-C solution at 
room temperature in a pressure treating cham- 
ber (20 min initial vacuum at 2 1 KPa absolute 
pressure, followed by 60 min at 700 KPa pres- 
sure). A thermocouple was inserted into the 
pole approximately 5 mm from the surface, 
and the temperature was recorded using a dig- 
ital thermocouple (HOBO of Onset Computer 
Corporation, H08-007-02). The pole sections 
were subjected to either isothermal or non-iso- 
thermal fluctuating temperature schedules in a 
controlled temperature chamber, where the 
fixation temperature was varied from - 10 to 
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70°C. During fixation, 10-mm-deep core sam- 
ples were taken periodically with a 19-mm- 
diameter plug-cutter. The samples were 
squeezed in a press at 60 MPa to express treat- 
ing solution from the wood void space. The 
expressate was analyzed for unfixed CrV1 in 
the solution using the diphenylcarbazide meth- 
od (Coggins and Hiscocks 1978) using a Shi- 
madzu, UV-16 spectrophotometer set at a 
wavelength of 540nm and the % fixation de- 
termined using Eq. (5). 
Every 6 min during the fixation schedule, 
the wood temperature was automatically re- 
corded, and these data were used to estimate 
the amount of fixation at the end of the inter- 
val predicted from the model Eqs. (5), (6), and 
(7). The initial reaction model (Eq. 6) was ap- 
plied until the predicted fixation was 47% of 
total (about 2.5 h after treatment) and subse- 
quently the main reaction model (Eq. 7) was 
applied. Percent fixation with time through the 
schedule was plotted at these 6-min intervals 
to provide the predicted fixation curve. Actual 
fixation measurements were then compared 
with the predicted values. 
Preliminary results showed considerable 
differences in results for some pole tops and 
pole butts, apparently as a result of different 
wood densities. This was validated using small 
sapwood cubes (25 X 25 X 25 mm) sawn 
from the pole sections that showed the greatest 
discrepancies (top and butt samples). The ba- 
sic relative densities of the butt and the top 
sections were 0.47-0.48 and 0.38-0.40, re- 
spectively. The samples were conditioned in a 
saturated environment to about 20% moisture 
and treated with a 1% CCA-C solution in a 
pressure treating chamber (20 min initial vac- 
uum at 2 1 KPa absolute pressure, followed by 
10 min at 700 KPa pressure). The blocks were 
then kept in a plastic bag in a conditioning 
chamber at 30°C. Two replicate blocks from 
the top and butt samples were periodically tak- 
en out and squeezed in a press at 60 MPa to 
express treating solution from the wood void 
space. The expressate was analyzed for CrV1 
concentration as above to compare fixation 
rates as affected by wood density. 
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FIG. 1. Predicted and actual fixation status for red pine 
pole top section exposed to approximately isothermal 
high-temperature conditions. 
RESULTS AND DISCUSSION 
Figures 1-8 show the wood temperature 
variation to which the pole samples were sub- 
jected for different fixation schedules and the 
resulting predicted fixation rate curve and 
measured fixation status at various times dur- 
ing fixation. In all cases, the predicted fixation 
rate, based on the model, showed rapid fixa- 
tion to the end of the initial reaction period 
(47% of total chromium reduction). Fixation 
in the main reaction zone proceeded slowly, 
with steep and flat zones corresponding to 
high and low wood temperature conditions, re- 
spectively. 
The essentially isothermal moderately high- 
temperature fixation schedules (Figs. 1 and 2) 
resulted in rapid fixation once the chamber 
reached maximum temperature, and the model 
predicted fixation rate accurately for both pole 
top and butt samples (r2 for predicted vs. mea- 
sured > 0.985). Similarly, the model predicted 
the fixation rate very well for more complex 
temperature cycling from ambient to 50-60°C 
(Fig. 3- r2 = 0.98). When the cycling ranged 
from freezing temperatures to high tempera- 
tures (Fig. 4), the predicted cessation of fixa- 
tion during low temperatures was confirmed, 
and the model predicted the over-all chromium 
fixation rate very well (r2 = 0.984). The model 
underestimated the fixation time for the pole 
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FIG. 2. Predicted and actual fixation status for red pine FIG. 4. Predicted and actual tixation status for red pine 
pole butt section cxpohcd [(I ;,pproximately isothermal pole butt section exposed to cyclic temperature conditions 
high-temperature conditions. after treatment. 
top samples and overestimated fixation time 
for the butt samples with the more complex 
temperature cycling (Figs. 5 and 6), although 
in both cases. the general shape of the pre- 
dicted fixation curve was validated by the fix- 
ation measurements. The highly variable tem- 
perature schedules (Figs. 7 and 8) resulted in 
an erratic predicted fixation curve that was 
closely matched by the measured fixation val- 
ues when the pole top section was evaluated 
(r' = 0.975). However, fixation was faster than 
predicted for the denser butt section. We attri- 
bute this to the higher solution retention in the 
low-density tops and the lower ratio of wood 
substance to CCA treating solution. Osborne 
( 199 1 ) showed that increased CCA retention 
slowed the CCA fixation rate. 
The effect of density on fixation rate for the 
wood evaluated was confirmed by the small 
block test results (Fig. 9). Low-density samples 
from the pole top required more than 70 h to 
achieve complete chromium fixation at 30°C, 
while samples from the denser pole butts were 
fixed in about 40 h. 
The model accurately predicted fixation rate 
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I 3. Predicted and actual lixation status for red pine FIG. 5. Predicted and actual fixation status for red pine 
pole top section exposed to cyclic temperature conditions pole top section exposed to variable temperature condi- 
after treatment. tions after treatment. 
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FIG. 6. Predicted and actual fixation status for red pine FIG. 9. Effect of wood tissues, collected from top and 
pole butt section exposed to variable temperature condi- bottom sections of red pine poles. on fixation rates of 
tions after treatment. 1.0% CCA-C at 30 "C. (0, Top section A, X bottoni 
section. 
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FIG. 7. Predicted and actual fixation status for red pine 
pole top section exposed to variable temperature condi- 
tions after treatment. 
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FIG. 8. Predicted and actual fixation status for red pine 
pole top section exposed to variable temperature condi- 
tions after treatment. 
tion schedules, since the model parameters 
were developed from similar wood. The dens- 
er bottom sections fixed much faster. This in- 
dicates that variations in wood density be- 
tween pieces in a treatment charge will result 
in variations in fixation rates. Since wood den- 
sity in softwoods is higher at the base of trees 
than at higher elevations (Panshin and de- 
Zeeuw 1980), a practical implication of this is 
that quality control personnel should be mon- 
itoring fixation rates at the top of poles rather 
than the bottom to make sure that the entire 
pole is fixed completely. 
These results show that the fixation model 
parameters are very sensitive to variations in 
the wood, and that good conformance to the 
model will be obtained only if the tests used 
to determine model parameters represent the 
wood that is being treated and fixed. The ac- 
curacy of the model depends on the validity 
of the model constants as well as the estimated 
length of the initial reaction period. These fac- 
tors will be affected by wood species, wood 
moisture content when treated, CCA solution 
concentration, and wood density. Thus for ap- 
plication of this approach to monitoring CCA 
fixation in wood products, samples monitored 
should represent those known to take the lon- 
gest to fix. 
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CONCLUSIONS 
A tixation model based on the temperature- 
dependence of the reaction rates during the 
"Initial" and "Main" reaction zones accurate- 
ly predicted fixation rates when the wood den- 
sity and treating conditions were similar to 
those used to develop the model. The tixation 
rate of higher density wood sarnples subjected 
to more complex fixation schedules deviated 
from the predicted rates. Fixation models must 
be based on data from material that is similar 
to that being treated. 
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